Results of one-dimensional Particle-in-Cell numerical simulations of mechanism of sub-nanosecond high-voltage pulsed discharge in nitrogen are presented. It is shown that the decrease of the cathodeanode gap changes drastically both the discharge dynamics and mechanism of runaway electrons generation responsible for the discharge initiation. It is obtained that the virtual cathode exists only during tens of picoseconds for short gaps. The conditions when the virtual cathode is not formed are found. Also, the comparison between the experimental [Rybka et al., Tech. Phys. Lett. 38, 653 (2012)] and simulation results indicates the dominant role of the virtual cathode in termination of runaway electrons generation and on separate nature of emission sources from the cathode surface.
I. INTRODUCTION
Today high-voltage (HV) nanosecond and sub-nanosecond discharges are used for generation of high-energy electron beams which could be applied for various applications, such as x-ray generation, laser pumping, pressurized gap spark switches, etc (see, for instance, Refs. [1] [2] [3] . At the present is accepted that HV nanosecond discharge in pressurized gas is initiated by the runaway electrons (RAE) generated in the vicinity of the cathode and pre-ionizing the gas inside the cathode-anode (CA) gap while propagating towards the anode. There are many theoretical, 4 numerical 3,5-11 and experimental 3, [12] [13] [14] [15] [16] [17] [18] [19] studies devoted to RAE generation during the nanosecond discharges. However, there is no generally accepted theory which can be used to describe the different experimental data obtained in experiments with cathodes having different forms, different CA gaps, gas type and pressure and different form and amplitude of the applied HV pulses. For instance, numerical research presented in Ref. 7 showed that the RAE generation during the nanosecond HV discharge is terminated by the virtual cathode (VC) formation after %100-300 ps of HV rise start. The VC is formed due to spatial separation between secondary electrons and ions generated in the vicinity of the cathode and when the space-charge of these secondary electrons becomes sufficient to form the potential equal to the cathode potential at that location. In addition, the absence of the pico-second time-scale resolved diagnostics does not allow comparison between the data obtained in the experiment and numerical simulations. For instance, in Ref. 16 authors used the generator SLEP-150 (140 kV output voltage with rise time of 300 ps) for generation of RAE with several tens of picoseconds duration during the rise-time of subnanosecond HV discharge. Also in Ref. 19 using pico-second time-resolved diagnostics, the RAE with duration of $10 À10 s was described. Nevertheless, even in these experiments time resolution was !25 ps and thus does not allowing to obtain processes having smaller typical time duration.
In this paper, the dynamics of sub-nanosecond discharge in nitrogen will be presented with emphasizing on the role of the formation of the VC which influences significantly on the generation of RAE and HV gas discharge dynamics.
II. NUMERICAL MODEL
The processes accompanying the sub-nanosecond HV discharge in nitrogen at atmospheric pressure was studied using one-dimensional Particle-in-Cell (1D PIC) simulations applied for coaxial diode (see details in Ref. À14 s allows us to consider electrons propagating only a part of the mean free path during one time step.
III. RESULTS AND DISCUSSION
At normal pressure (P ¼ 10 5 Pa) in N 2 gas the value of the critical electric field E cr which is necessary for electrons with the energies e e > 40 eV to become RAE is E cr % 4.5 Â 10 5 V/ cm. [2] [3] [4] However, FE starts at larger electric field E c % 2 Â 10 7 V/cm, i.e., FE-electrons are emitted into CA gap when electric field in the vicinity of the cathode is significantly exceed E cr and, therefore, these electrons become RAE.
It was reported in Ref. 7 that the evolution of the HV nanosecond pulsed discharge can be divided in three stages. During the first stage, the space charge of electrons and ions is rather small and it does not change significantly the distribution of externally applied electric field. During this phase, electrons, which are emitted from the cathode and generated in the vicinity of the cathode, become RAE and pre-ionize the gas inside the entire CA gap, thus producing low-ionizes and low-conductive plasma. During the second stage of the discharge, the space charge of secondary electrons and ions becomes large enough to disturb spatial distribution of the external electric field. Also, during this stage, one obtains that at some distance from the cathode, the space separation between secondary plasma electrons and ions occurs. Results of simulations showed that the value of this distance depends on the initial conditions, i.e., gas type and pressure and rise time and amplitude of the HV pulse. The accumulation of plasma electrons leads to the formation of the VC at this location and, respectively, termination of the RAE generation from FE-electrons and electrons generated in the vicinity of the cathode. Thus, during this stage, the gas discharge develops by the RAE generated prior to the VC formation. The third stage of discharge is obtained when the electric field at the VC location from its anode side exceeds critical electric field and the VC becomes the source of RAE. However, the value of this electric field is much smaller than the electric field which one obtains at the vicinity of the cathode. Thus, the main part of these RAE has the energies smaller than 20 keV.
The results of the present simulations showed that the decrease of the CA gap d CA changes significantly the dynamics of the nanosecond timescale HV gas discharge. Indeed, the time dependences of the number of RAE with e e > 20 keV and e e > 1 keV existing inside the CA gap (see Fig. 1 ) have different forms for different CA gaps. One can see that for RAE with e e > 1 keV RAE generation terminates (i.e., when one obtains the decrease in the number of RAE) only at t > 0.25 ns for d CA ¼ 2 mm and d CA ¼ 4 mm [see Fig.  1(a) ] opposite to the cases with d CA ! 6 mm. This occurs due to the electric field at the VC location from its anode side which is E VC > E cr right after the time t VC of the VC formation. For comparison, at t ¼ t VC and d CA ¼ 12 mm simulation shows E VC % 2.3 Â 10 5 V/cm, i.e., E VC < E cr . Also, one can see [ Fig. 1(b) ] that the increase of the CA gap leads to decrease in the number of the RAE and in increase of the duration of RAE. The latter is caused by the later formation of the VC for larger d CA and, respectively, longer duration of the RAE formed by FE-electrons and electrons from the vicinity of the cathode. The decrease of the amplitude of the number of the RAE with increase of the CA gap is related to a smaller enhancement of the electric field at the cathode by space charge of the generated ions. 7 The value of the CA gap also determines the maximal value of the plasma density n e , which is formed during the discharge. For instance, the results of simulations showed that n e % 5.6 Â 10 16 Fig. 1 ). The first peak in RAE generation is governed by the evolution of the VC. At this stage the RAE, which are generated from both FE-electrons and from electrons generated in the vicinity of the cathode, lose their energy by inelastic collisions and the deceleration in OK * region [see Fig. 2(a) ]. When the VC is formed it generates RAE right after its formation due to E VC > E cr at that location. However, the value of E VC is smaller than the electric field in the vicinity of the cathode and, respectively, the number of electrons emitted from the VC is smaller than the number of electrons generated from FE-electrons and electrons in the vicinity of the cathode. , at u 0 ¼ 100 kV is n e % 2 Â 10 16 cm À3 , and at u 0 ¼ 60 kV is n e % 6 Â 10 12 cm
À3
. Such large difference in the plasma density at different values of u 0 strongly indicates the important role of FE in discharge dynamics.
As was mentioned above, the RAE pulses with duration of several tens of pico-seconds were obtained in experiments carried out by Rybka, Tarasenko et al. (see Ref. 13) . The RAE pulses consisting of two pronounced peaks were registered in these experiments for d CA 6 mm [see Fig. 4(a) ]. Moreover, it was shown that RAE related to these peaks have almost the same energies. However, the simulations carried out for similar initial conditions (HV pulse rise time, CA gap, and amplitude of cathode potential) showed that the current of RAE consists of only one peak [see Fig. 4(b) ]. Also, a full width on the half maximum (FWHM) of RAE pulses obtained in experiments ($70 ps) and in simulations ($15 ps) do not agree. A short duration of the RAE beam obtained in simulations is related to fast formation of the VC which terminates generation of RAE formed from the FE-electrons and electrons generated in the vicinity of the cathode and E VC < E cr from the VC anode side. Thus, the disagreement between experiments and simulations can be explained by the presence of two emitting centers which appearance at the cathode occurs not simultaneously but with some time delay with respect to each other. The termination of the FE of electrons from each center occurs because of the VC formation in space opposite to this center location with time delays similar to the simulation results. Formation of separate emission centers was not accounted in 1D numerical model which considered uniform FE of electrons from the entire cathode surface. Thus, results of these experiments indicated formation of VC and that the electron emission occurs from separate emission centers. Let us note that the same concern is related to the case of explosive emission centers serving as a source of RAE.
IV. CONCLUSIONS
To conclude, the results of 1D PIC simulations of subnanosecond HV pulsed gas discharge showed that the value of CA gap influences significantly the process of RAE generation and discharge dynamics. Namely, formation of the VC and its life-time for only tens of picoseconds at d CA < 6 mm splits the process of the RAE generation in two stages: (a) prior and during the VC formation and (b) after the VC disappearance. Comparison between the experimental and simulation results indicates on validity of the VC formation and its dominant role in termination of RAE generation as well as on separate nature of emission sources from the cathode surface.
ACKNOWLEDGMENTS
This work was supported in part at the Technion by a fellowship from the Lady Davis Foundation. 
